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The Cotranslational Integration
of Membrane Proteins into the Phospholipid Bilayer
Is a Multistep Process
Hung Do,* Domina Falcone,² Jialing Lin,* proteins (for reviews, see Walter and Johnson, 1994;
David W. Andrews,² and Arthur E. Johnson* High, 1995). One of these proteins is a TM glycoprotein
*Department of Medical Biochemistry & Genetics (Wiedmann et al., 1987, 1989; Krieg et al., 1989) that has
Texas A&M University Health Science Center been designated translocating chain±associated mem-
College Station, Texas 77843±1114 brane protein (TRAM) (GoÈ rlich et al., 1992a), while the
²Department of Biochemistry other is a slightly larger nonglycosylated membrane pro-
McMaster University tein (Krieg et al., 1989; Kellaris et al., 1991) that has been
Hamilton, Ontario L8N 3Z5 identified as yeast Sec61p (Sanders et al., 1992; MuÈsch
Canada et al., 1992) and its mammalian homolog, Sec61a (GoÈ r-
lich et al., 1992b). These same two ER proteins have also
been photocross-linked to different types of nascent
membrane proteins at various stages in the integrationSummary
process (Thrift et al., 1991; High et al., 1991, 1993). The
During the cotranslational integration of a nascent close juxtaposition of TRAM and Sec61a to nascent
protein into the endoplasmic reticulum membrane, the secretory and membrane proteins has functional signifi-
transmembrane (TM) sequence moves out of an aque- cance because only Sec61a, Sec61b, Sec61g, TRAM,
ous pore formed by Sec61a, TRAM, and other proteins and the signal recognition particle receptor are required
and into the nonpolar lipid bilayer. Photocross-linking to reconstitute translocation and integration activity into
reveals that this movement involves the sequential proteoliposomes (GoÈ rlich and Rapoport, 1993). Interest-
passage of the TM domain through three different pro- ingly, however, the TRAM requirement is not universal;
teinaceous environments: one adjacent to Sec61a and some polypeptides can be translocated or integrated in
TRAM and two adjacent to TRAM that place different a reconstituted system that lacks TRAM (GoÈ rlich et al.,
restrictions on TM domain movement. In addition, the 1992a; GoÈ rlich and Rapoport, 1993; Oliver et al., 1995).
TM sequence is not allowed to diffuse into the bilayer The role of TRAM in translocation and integration is,
from the final TRAM-proximal site until translation ter- therefore, still obscure.
minates. Cotranslational integration is therefore linked Numerous models have been proposed over the years
to translation and occurs via an ordered multistep to explain how membrane protein integration might oc-
pathway at an endoplasmic reticulum site that is multi- cur at the molecular level. Models that include an aque-
layered both structurally and functionally. ous pore for translocation must address three primary
issues: first, how is the TM sequence recognized at the
Introduction membrane? Second, what dictates its orientation in the
membrane? Third, how does the TM sequence move
The molecular mechanisms that mediate the cotransla- from an aqueous pore into the nonpolar interior of the
tional integration of nascent proteins into the membrane bilayer? There is general agreement that the hydropho-
of the endoplasmic reticulum (ER) are unknown. How- bicity of the TM sequence is essential for its recognition
ever, the sites at which integration occurs, termed by the translocon, but the variables that determine the
translocons (Walter and Lingappa, 1986), appear to be final orientation of the TM sequence in the bilayer are
structurally complex, since nascent chains undergoing still under active investigation. In some models (e.g.,
integration can be photocross-linked both to specific Martoglio et al., 1995), the recognition and movement
ER membrane proteins (Thrift et al., 1991; High et al.,
of the TM sequence into the membrane would be easy
1991, 1993a) and to phospholipid (Martoglio et al., 1995).
to envisage because the hydrophobic phospholipidcore
The same translocons are also used to translocate se-
is postulated to form part of the walls of the aqueouscretory proteins across the ER membrane (McCune et
pore. In other models (e.g., Singer, 1990), the nonpolaral., 1980; Kehry et al., 1980; GoÈ rlich and Rapoport, 1993;
TM sequence is recognized and directed to an interfaceOliver et al., 1995), and fluorescent probes incorporated
between protein components of the translocon, throughinto nascent secretory proteins have shown directly that
which the TM sequence then moves into the bilayer. Butthe nascent chains move through the translocon via an
in nearly every model, the transfer of the TM sequenceaqueous pore that spans the entire membrane (Crowley
from an aqueous to a nonaqueous milieu is assumed toet al., 1994). Conductivity experiments are also consis-
be a one-step process.tent with the presence of an aqueous pore for protein
To monitor directly the proteinaceous environment oftranslocation (Simon and Blobel, 1991). Integration
the TM sequence at different stages of the integrationtherefore requires the transmembrane (TM) sequence of
process, we have placed a photoreactive probe in thea nascent membrane protein tomove out of the aqueous
middle of a TM sequence. The resultant nascent chain±pore, past the proteins that comprise the translocon,
length±dependent photocross-linkingdata demonstrateand into the hydrophobic interior of the bilayer, where
that the integration process has a complexity that wasthe TM sequence can then diffuse freely.
previously undetected and unanticipated and simulta-As nascent secretory proteins pass through the ER
neously provide insights into the mechanisms that ac-membrane, they can be photocross-linkedto, and hence
are in close proximity to, primarily two ER membrane complish integration.
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Results length of the polypeptide chain on the cytoplasmic side
of the membrane is increased by continued translation.
Experimental Design
Fully assembled integration intermediates were pre- Integration and Orientation of 765p
Membrane Proteinpared in vitro by translating, in the presence of micro-
somes and signal recognition particle, mRNAs that were To focus solely on the immediate environment of the
TM sequence during the integration process, we usedtruncated in the coding region (Krieg et al., 1989). Ribo-
somes halt when they reach the end of such an mRNA, a plasmid that codes for a fusion protein (designated
765p) containing only a single TM domain, and the singlebut they do not dissociate from the mRNA, because the
absence of a stop codon prevents normal termination lysine codon in the gene for 765p positions a lysine in
the center of the TM sequence (Figure 1A). Two differentfrom occurring. Thus, the lengths of the nascent poly-
peptide chains in each sample are dictated by the length lysine-free protein sequences (M and B) were chosen
to flank the TM domain, and each contained an epitopeof the truncated mRNA added to the translation. Photo-
reactive probes are incorporated into the nascent chains that allowed us to determine the orientation of the inte-
grated protein by immunoprecipitation after proteolysis.by translating the mRNA in the presence of Ne-(5-azido-
2-nitrobenzoyl)-Lys-tRNA (eANB-Lys-tRNA; Krieg et al., A signal sequence was added at the N-terminus of 765p
to ensure that a type I integral membrane protein was1986, 1989; Thrift et al., 1991). This modified aminoacyl-
tRNA incorporates an uncharged amino acid, eANB-Lys, generated. Despite the presence of the lysine in the TM
sequence, this fusion protein was efficiently integratedinto the polypeptide instead of a charged lysine residue.
The location of the probe along the nascent chain path- into the membrane in the expected type I orientation,
as shown by the sensitivity of the C-terminal portion ofway through the ribosome and into the membrane is
therefore specified both by the position of the lysine integrated full-length 765p to cytoplasmic proteinase K
(Figure 1B) and by its insolubility in sodium carbonatecodon in the mRNA and by the length of the mRNA
(Crowley et al., 1994). However, after emerging from (pH 11.5; Figure 1C).
When full-length 765p polypeptides were translatedthe ribosome, the TM sequence in a single-spanning
membrane protein remains in the planeof the membrane in the presence of microsomes and then subjected to
proteolysisby the addition of proteinase K to thesample,and can only move laterally within the bilayer, since the
Figure 1. The Structure and Membrane Integration of 765p
(A) The linear arrangement of sequences in the 765p membrane fusion protein is shown, as is the expected cytoplasmic location of its
C-terminus. The position of the sole lysine residue is indicated by the diamond. S, the first 40 amino acids of preinsulin receptor, including
its signal sequence; M, 88 residues from the polyoma virus middle-T antigen; TM, the 23±residue TM domain of the vesicular stomatitus virus
G glycoprotein in which a Gly→Lys substitution has been made at position 11 of the 20±residue hydrophobic core sequence; B, 145 residues
from the proto-oncogene product Bcl-2; and 8 new amino acids at junctions between segments.
(B) Proteolysis of full-length 765p. Translation in the presence of microsomes results in signal cleavage of some molecules (lane 2, arrowhead).
After proteolysis, two fragments are immunoprecipitated with antiserum directed against polyoma middle-T antigen (indicated by dots to the
right of the bands in lane 3; the upper and lower bands represent uncleaved and signal-cleaved molecules, respectively).
(C) Carbonate extraction of full-length 765p (lanes 5±6), truncated 765p molecules (lanes 7±10), and secretory (lanes 1±2) and integral membrane
protein (lanes 3±4) controls. S, proteins in the supernatant fraction after carbonate extraction; P, nonextracted proteins in the carbonate pellet.
Arrowheads to the right indicate the migration positions of signal-cleaved molecules. The bracket to the left of lane 1 indicates the multiply
glycosylated versions of SpGPA (Janiak et al., 1994b). The samples in (B) and (C) were separated by SDS±PAGE in a 16% acrylamide
Tris±glycine gel and in a 10% acrylamide Tris±Tricine gel, respectively.
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two fragments of 765p survived (Figure 1B, lane 3). Pro- based on this widely accepted empirical criterion (Fujiki
et al., 1982), the TM sequence of 765p is integrated soontection of these fragments was membrane dependent,
because little polypeptide survived if the sample was after emerging from the ribosome.
solubilized with nonionic detergent prior to proteolysis
(Figure 1B, lane 4). Since the two membrane-protected Photocross-Linking of the TM Sequence
to Translocon Componentspolypeptides were immunoprecipitated (Figure 1B, lane
3) by antibodies specific for the portion of middle-T To determine whether the early integration of the TM
sequence into the bilayer (Figure 1C, lanes 7 and 8)antigen in 765p (Figure 1A, M), but not by antibodies
specific for Bcl-2 (Figure 1A, B; data not shown), it is coincided with the movement of the TM sequence past
the ER proteins that form the translocon pore, photore-clear that the N-terminus of 765p is inside the ER vesicle
after integration, while the C-terminus of 765p is ex- active probes were incorporated into 765p polypeptides
in the presence of [35S]methionine. Samples of integra-posed to proteinase K on the cytoplasmic side of the
ER membrane. tion intermediates, each containing a different length of
nascent chain, were photolyzed, split into two equalThe integrationof 765p polypeptides into the ER mem-
brane was shown by their insolubility in sodium carbon- aliquots, and examined for cross-linking by immunopre-
cipitation with antibodies specific either for Sec61a orate at pH 11.5. Both the signal-cleaved and full-length
765p molecules were resistant to extraction by carbon- for TRAM, the two major translocon photocross-linking
targets identified previously in integration intermediatesate (Figure 1C, lanes 5 and 6), as was the previously
characterized control integral membrane protein (Figure (Thrift et al., 1991; High et al., 1991, 1993; GoÈ rlich et al.,
1992a, 1992b).1C, lanes 3 and 4; SISTGPA; Janiak et al., 1994b). Simi-
larly, nascent 204±residue chains of 765p, whose TM Sec61a was photocross-linked to the 204±residue
765p polypeptide (Figure 2A, lane 2) that was just longsequences had emerged from the ribosome and were
fully exposed to the translocon, were resistant to car- enough for the TM sequence to emerge from the ribo-
some and be exposed to the translocon. No photoad-bonate extraction (Figure 1C, lanes 7 and 8). In contrast,
the 132±residue nascent chains of 765p were extracted duct was immunoprecipitated using preimmune serum
(Figure 2A, lane 7). In some experiments, a small amountbecause they lacked a TM sequence (Figure 1C, lanes
9 and 10), as was the control secreted protein (Figure of cross-linking between Sec61a and the 220±residue
765p nascent chain was also observed (Figure 2A, lane1C, lanes 1 and 2; SpGPA; Janiak et al., 1994b). Thus,
Figure 2. Photocross-Linking of 765p Polypeptides in Integration Intermediates to Sec61a and TRAM
Photoadducts were detected by immunoprecipitation with antisera specific for either Sec61a (A) or TRAM (B) and are identified, respectively,
by the open diamond adjacent to lane 2 and by asterisks adjacent to lanes 9 and 12. Nascent chain lengths in the samples were the following:
185 in lanes 1 and 8; 204 in 2, 7, 9, and 14; 220 in 3 and 10; 248 in 4 and 11; 304 in 5 and 12. Samples containing normally terminated full-
length (304 residues) 765p are shown in lanes 6 and 13. Lane 13 received three times as much sample as did lanes 8±12 and 14. Preimmune
serum was used for immunoprecipitation of the samples in lanes 7 and 14. The samples in (B) were separated by SDS±PAGE in a 10%
acrylamide gel, while samples in (A) and all remaining figures were separated in 10%±20% acrylamide Tris±tricine gels.
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Dependence of Photocross-Linking on Nascent
Chain Attachment to tRNA
The above data suggest that the ribosome plays an
active role in regulating the movement of the TM se-
quence during integration. To examine further the in-
volvement of the translation machinery in integration,
we prepared samples as above but then incubated them
with puromycin, either prior to or after photolysis. Since
nascent chains are bound as peptidyl-tRNAs to the P
sites of ribosomes in intact integration intermediates,
reaction with puromycin releases the nascent chains
from the tRNAs and allows us to determine what effect,
if any, this release has on the location of the TM se-
quence.As before, the photolyzedsamples weredivided
equally and immunoprecipitated in parallel with antibod-
ies to Sec61a and to TRAM.
As expected, treating the sample with puromycin after
photolysis did not alter the extent of photocross-linking
of the 204±residue 765p nascent chain to Sec61a (Figure
3; compare lanes 5 and 6). However, when the sample
was exposed to puromycin prior to photolysis, no pho-
tocross-linking of 765p to Sec61a was observed (Figure
3, lane 4). Releasing the 204±residue 765p nascent chain
Figure 3. Puromycin Sensitivity of Photoadducts Containing from its tRNA therefore allowed the TM sequence to
Sec61a and TRAM move to a new location in which the probe in the TM
Samples containing integration intermediates with 204±residue sequence was no longer close enough to Sec61a to
765p nascent chains were incubated with puromycin prior to pho- react covalently with it.
tolysis (lanes 1 and 4), after photolysis (lanes 3 and 6), or not at all
In stark contrast, treatment of 204±residue 765p inte-(lanes 2 and 5). Photoadducts were detected by immunoprecipita-
gration intermediates with puromycin did not preventtion with antisera specific for either TRAM (lanes 1±3) or Sec61a
photocross-linking to TRAM (Figure 3, lanes 1±3). In fact,(lanes 4±6) and are identified by the asterisk adjacent to lane 3 and
the open diamond adjacent to lane 6, respectively. the extent of photocross-linking to TRAM was increased
by an average of 13% by the exposure of the sample
to puromycin prior to photolysis (Figure 3, compare lane3). However, a membrane-bound 765p nascent chain
1 with lanes 2 and 3). These data suggest that any puro-whose TM sequence was still in the ribosome did not
mycin-dependent movement of the TM sequence mustphotocross-link to Sec61a (Figure 2A, lane 1), nor did
have been limited, because the nascent chains still re-nascent chains longer than 247 residues (Figure 2A,
acted covalently with, and hence were adjacent to,lanes 4±6). The TM sequence is therefore adjacent to
TRAM. Thus, since the same sample was analyzed inSec61a immediately after leaving the ribosome but
lanes 1 and 4 of Figure 3, puromycin treatment elimi-moves away from Sec61a after the nascent chain has
nated the photocross-linking of the 204±residue 765pbeen extended by only another 16 residues. No TM se-
to Sec61a, but not to TRAM.quences are adjacent to Sec61a after the nascent chain
It is conceivable that the placement of the photoreac-has been extended by an additional 28 residues. This
tive probe in the middle of the TM sequence may havemovement of the TM sequence must be lateral, since it
altered its progress through the integration processand,must remain in the plane of the bilayer.
in particular, the puromycin sensitivity of the pho-In contrast, every 765p nascent chain whose length
tocross-linking. We therefore repeated the experimentswas sufficient for the TM sequence to emerge from the
of Figure 3 using 121p, a membrane fusion protein deriv-ribosome was photocross-linked to TRAM (Figure 2B,
lanes 9±13). Most strikingly, even the full-length poly- ative of 765p that contained only two lysines, located 3
and 6 residues beyond the C-terminal end of the TMpeptide reacted covalently with TRAM (Figure 2B, lane
12) when the 304±residue nascent chain (created by sequence (Figure 4A). Integration intermediates were
prepared that contained 121p nascent chains with atruncating the mRNA within the stop codon) was
attached to tRNA. However, when translation was al- cytoplasmic length only two residues less than that of
the 204±residue 765p, and the samples were then pho-lowed to terminate normally, no photoadducts were ob-
served between the completed 765p and TRAM (Figure tolyzed either before or after exposure to puromycin.
The photocross-linking results are shown in Figure 4B.2B, lane 13), even though the 765p polypeptides were
the same length in lanes 12 and 13. No photoadduct First, the 121p nascent chains, with probes located only
on the cytoplasmic side of the TM sequence, pho-was immunoprecipitated using preimmune serum (Fig-
ure 2B, lane 14). The TM sequence is therefore located tocross-linked to both Sec61a and TRAM (Figure 4B,
lanes 2 and 5). Second, when puromycin was added toin close proximity to TRAM until translation is complete.
As before (Krieg et al., 1989; Thrift et al., 1991), all the samples prior to photolysis, the 121p photocross-
linking to Sec61a disappeared (Figure 4B, lane 4), whilenascent chain photocross-linking to ER membrane pro-
teins required fully assembled integration intermediates the 121p photocross-linking to TRAM increased slightly
(Figure 4B, lane 1). Since photoreactive probes locatedand light (data not shown).
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Figure 4. Puromycin Sensitivity of Photoad-
ducts Containing 121p Nascent Chains
(A) The linear arrangement of sequences in
the 121p membrane fusion protein is shown,
as is the cytoplasmic location of its C-termi-
nus. Sp, the first 61 amino acids of a prepro-
pactin derivative, pPL-sK (Crowley et al.,
1994); TM, the 20±residue TM domain of the
vesicular stomatitus virus G glycoprotein; G,
a 10±residue linker, containing lysines (closed
diamonds) at positions 3 and 6 behind the
C-terminal end of the TM sequence and then
35 residues from Saccharomyces cerevisiae
invertase with three N-glycosylation sites; B,
91 amino acids from the proto-oncogene
product Bcl-2; and 15 other amino acids at
junctions between segments.
(B) Samples containing integration intermedi-
ates with 129±residue 121p nascent chains
were incubated with puromycin prior to pho-
tolysis (lanes 1 and 4), after photolysis (lanes
3 and 6), or not at all (lanes 2 and 5). Photoad-
ducts were detected by immunoprecipitation
with antisera specific for either TRAM (lanes
1±3) or Sec61a (lanes 4±6) and are identified
by the asterisk adjacent to lane 3 and the
open diamond adjacent to lane 4, respec-
tively.
either in the middle (765p) or beyond the cytoplasmic observed in the absence of puromycin (see Figure 2B),
photoadducts containing TRAM and the 185±residueend (121p) of the TM sequence gave the same pho-
tocross-linking results (Figure 4B, compare Figures 3 765p polypeptide were observed when these nascent
chains were released from their tRNAs by puromycinand 4), it is clear that the observed proximity relation-
ships and their sensitivity to puromycin were not de- prior to photolysis (data not shown). This suggests that
the TM sequences in these shorter puromycin-reactedtectably affected by the location of the photoprobes.
The structural ramifications of these results are both nascent chains were recognized by the translocon and
integrated adjacent to TRAM as they emerged from theimportant and clear-cut. The TM sequences in the 204±
residue 765p nascent chains destined to react cova- ribosome.
The photocross-linking gels show that TRAM (see Fig-lently with Sec61a (see Figure 3, lane 5) moved away
from Sec61a after the puromycin reaction (see Figure ures 2B, 3, and 4) and Sec61a (see Figures 2A and 3)
have each been photocross-linked to both cleaved and3, lane 4), while the 204±residue nascent chains that
cross-linked to TRAM in the absence of puromycin (see uncleaved nascent chains in our samples. The asterisks
and open diamonds show the cleaved nascent-chainFigure 3, lane 2) were still adjacent to TRAM after expo-
sure to puromycin (see Figure 3, lane 1). The release of photoadducts to TRAM and Sec61a, respectively, in
each figure, while the uncleaved nascent-chain pho-the nascent chain from its tRNA by puromycin therefore
allows the TM sequence to move away from Sec61a to toadducts are represented by the less intense bands
just above the cleaved photoadduct bands (and are onlya site further along the integration pathway, from which
it can only photocross-link TRAM. Thus, the TM se- barely visible in lanes 5 and 6 of Figure 3). The uncleaved
photoadduct bands have Mr values equivalent to thequences of 204±residue 765p nascent chains occupy
two separate and experimentally distinguishable loca- sum of the Mr values of the cleaved photoadduct and its
signal sequence, and quantification by phosphorimagertions within the translocon. Furthermore, the TM se-
quences in the TRAM-reacting integration intermediates analysis indicates that the ratio of uncleaved photoad-
duct to cleaved photoadduct is roughly equal to thewere retained in the translocon by some mechanism or
mechanisms other than a covalent attachment to the ratio of uncleaved to cleaved nascent chains in each
lane. Thus, the cross-linking pattern and the associatedribosome-bound tRNA and hence were actively pre-
vented by the ribosome, or the translocon, or both, from movement of the TM sequence from one site to another
within the translocon do not appear to be altered byeither moving into the ER lumen or diffusing laterally
into the lipid bilayer (see Figure 2B, lane 13) after being the presence or absence of signal sequence cleavage,
though it is certainly possible that the presence of thereleased from their tRNAs.
The photocross-linking of 220±residue 765p nascent signal sequence could influence the rate of movement
from one stage to the next.chains to TRAM was also unaffected by exposure to
puromycin prior to photolysis (data not shown), thereby
demonstrating that the ribosome, or the translocon, or Dependence of Photocross-Linking to TRAM
on the Length of Puromycin-Reacted Nascent Chainsboth, also retain control of the TM sequence in this
longer nascent chain. Although no photocross-linking To ascertain whether the TM sequence remains in the
close vicinity of TRAM when long nascent chains arebetween TRAM and the 185±residue nascent chain was
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upon the length of the nascent chain and presumably
occurs when the nascent chain tether (peptidyltransfer-
ase center to TM sequence) becomes sufficiently long,
somewhere between 65±93 residues.
Discussion
Four aspects of the mechanism of membrane protein
integration are revealed by the data presented here.
First, the orderly transition in ER membrane photocross-
linking targets, from puromycin-sensitive Sec61a pho-
toadduct formation, to puromycin-insensitive TRAM
photoadduct formation, to puromycin-sensitive TRAM
photocross-linking, shows that the TM sequence is lo-
cated in a minimum of three different proteinaceous
environments during its cotranslational integration into
the ER membrane. Integration is, therefore, not a con-
certed one-step movement of the TM sequence from
an aqueous pore into the hydrophobic interior of the
lipid bilayer but is instead a sequential and controlled
passage of the TM domain from one milieu to another
via a multistep proteinaceous pathway.
Figure 5. Puromycin Sensitivity of Photocross-Linking between Second, the TM sequence of a single-spanning mem-
TRAM and Longer 765p Polypeptides brane protein is actively retained in the translocon until
Samples containing integration intermediates with 248±residue translation is complete, instead of being released into
765p nascent chains were incubated with puromycin prior to photol- the bilayer as soon as the nascent chain is long enough
ysis (lane 1), after photolysis (lane 3), or not at all (lane 2). Photoad-
to allow this. We previously reported that nascent mem-ducts were detected by immunoprecipitation with TRAM-specific
brane proteins were adjacent to translocon proteinsantiserum and are identified by the asterisk near lane 3.
throughout translation, butwe could not ascertain in that
study which region of the nascent chain was proximal tono longer attached to the ribosome-bound tRNA, we
TRAM, because photoprobes were located throughoutexamined the puromycin sensitivity of the photocross-
the nascent chain (Thrift et al., 1991). In the current work,linking of longer 765p nascent chains to TRAM. We
the only photoreactive probe in a 765p polypeptide isfound that 765p nascent chains with lengths of 248 or
located in its TM sequence, and this probe photocross-304 residues did not photocross-link to TRAM if they
links to TRAM in an intact integration intermediate evenwere released from their tRNAs by reaction with puromy-
when there are 158 residues between the probe and thecin prior to photolysis, and the data for the shorter of
tRNA. If fully extended, this length of polypeptide wouldthe two nascent chains that exhibit this behavior are
span 553 AÊ , which is clearly sufficient to allow the TMshown in Figure 5. The 248±residue 765p nascent chain
sequence to diffuse away from the translocon and intodid not react covalently with TRAM after exposure to
the bilayer, were it not actively prevented from doing sopuromycin (Figure 5, lane 1), even though the same
until translation terminates. The reason for and mecha-nascent chains photocross-linked to TRAM when they
nism of TM sequence retention by the translocon arewere still tRNA bound (Figure 5, lane 2; see also Figure
currently unknown. However, since the translocon also2B). Thus, long nascent chains that were no longer
integrates polytopic membrane proteins, the controlledattached to ribosome-bound tRNAs were able to diffuse
passage of a TM sequence through the translocon seenaway from TRAM and into the bilayer.
here may reflect the necessity to regulate the movementThese results contrast sharply with those in the previ-
of TM sequences during proper processing of polytopicous section, in which 765p nascent chains with lengths
proteins.of 204±220 residues were unable to move laterally away
Third, the translocon is structurally multilayered. Thefrom TRAM after being released from their tRNAs by
clearly defined and distinguishable sequence of pho-puromycin. Therefore, although the TM sequence of ev-
tocross-linking targets observed here shows that theery integrated 765p nascent chain is adjacent to TRAM
TM sequence encounters Sec61a early and only tempo-and remains next to TRAM until the termination of trans-
rarily in the integration process. The TM sequence thenlation (Figure 2B), there are at least two populations of
moves to at least two different sites adjacent to TRAMTRAM-proximal sites for the TM sequence. These two
and finally diffuses into the bilayer.different proteinaceous environments (either two differ-
This transition in ER membrane protein photocross-ent sites or a single site with two different conforma-
linking targets, from Sec61a to TRAM to none, indicatestions; we will assume the former in order to simplify the
that the protein components of the translocon are ar-following discussion) in integration intermediates are
ranged so that the TM sequence must move through adistinguished by their ability to retain the TM sequence
minimum of two layers of ER membrane proteins beforein the translocon after the nascent chain has been de-
leaving the translocon. Our data therefore suggest thattached from the tRNA. The movement of the TM se-
quence from one of these sites to theother is dependent Sec61a forms the inner layer of the translocon and
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Figure 6. A Multistep Model for Cotranslational Integration
A cytoplasmic view of the translocon is shown, assuming that the ribosome is transparent and that the plane of the ER membrane coincides
with the plane of the paper. The aqueous pore is shown in the open circles in (A) through (D), while the brick wall in (E) represents the as yet
unidentified gate that blocks entry into the pore from the lumenal side of the membrane (Crowley et al., 1994). The TM sequence of 765p is
assumed to fold into an a helix that is always perpendicular to the plane of the membrane; the C-terminal end of the TM sequence is indicated
by the closed circle. For clarity, the signal sequence is not shown, and only Sec61a and TRAM are shown as components of the translocon.
Sec61b, Sec61g, and other ER proteins (e.g., signal recognition particle receptor) are associated with the translocon, in some cases transiently,
and despite their absence from this cartoon, these ER proteins may play key roles in directing, or regulating, or both, the movement of the
TM sequence through the translocon. Each translocon is depicted as having one Sec61a and one TRAM molecule, but the stoichiometry of
translocon components has not yet been determined experimentally. Exposure of the TM sequence to phospholipids (Martoglio et al., 1995)
is presumed here to occur either dynamically or via a specific binding event that triggers the opening of the pore to the hydrophobic interior
of the membrane. Movement of the TM sequence is explained in the text.
TRAM forms the second layer of the translocon, as de- restrict and thereby regulate the movement of TM se-
quences at precise stages in the integration process.picted in the model shown in Figure 6. Of course, in
focusing only on the photocross-linking targets exam- Fourth, the integration process involves functional in-
teractions between the ribosome and translocon com-ined in this study, this cartoon greatly oversimplifies
matters, both because other ER membrane proteins are ponents. For example, the location of the TM sequence
in the plane of the membrane is controlled by the ribo-not shown and because the probable dynamic nature
of translocon topography cannot be portrayed in this some and peptidyl-tRNA, as evidenced by the retention
of the TM sequence in close proximity to TRAM, as longstatic picture.
Previous photocross-linking results are also consis- as the nascent chain is covalently attached to tRNA.
The release of a long nascent chain from its tRNA, eithertent with this view of translocon structure. Systematic
investigations of nascent secretory protein environment by normal termination or by reaction with puromycin in
the later stages of integration, triggers the movementin the translocon concluded that Sec61a forms the walls
of the aqueous pore, because Sec61a is the primary of the TM sequence away from TRAM and presumably
the translocon. The molecular mechanism that couples(and often the sole) photocross-linking target of various
photoreactive nascent chains in these studies (High et the release of the C-terminus of the nascent chain at
the peptidyltransferase center to the release of the TMal., 1993b; Mothes et al., 1994). TRAM was significantly
photocross-linked in these studies only via probes at the sequence at the membrane has not been identified, but
it probably involves a conformational change in the ribo-N-terminal ends of cleavable signal sequences, while in
our previous investigation of integration, we found that some that alters the conformation of ER proteins in the
translocon. The coupling of these two spatially sepa-the TRAM glycoprotein was photocross-linked to the
nascent chain when it contained photoreactive probes rated events is probably not mediated through the na-
scent chain itself, because allosteric linkages are notat either the cytoplasmic or lumenal end of the TM se-
quence (Thrift et al., 1991). likely to be transmitted through a polypeptide that would
have a highly variable sequence and would most likelyFunctionally discrete stages of the translocon have
also been revealed by the puromycin studies. Under be largely unstructured.
We have here examined the immediate environmentnormal conditions, the TM sequence is actively retained
within the translocon throughout the integration process of a TM sequence that is the second topogenic domain
in a nascent chain and is ultimately integrated into the(Figure 2B). But puromycin treatment reveals that this
retention is effected via two different mechanisms. membrane. The first topogenic sequence, the signal
peptide, has also been shown to be adjacent to Sec61aLonger nascent chains are able to leave the translocon
if their covalent attachment to tRNA is disrupted (Figure and TRAM prior to signal peptidase cleavage (High et
al., 1993b; Mothes et al., 1994; Nicchitta et al., 1995;5), whereas shorter nascent chains cannot leave the
translocon after puromycin treatment even though they Jungnickel and Rapoport, 1995) and to move during the
translocation process (Nicchitta et al., 1995; Jungnickelare smaller in size (Figure 3, lane 1; Figure 4, lane 1).
The inability of the latter nascent chains to diffuse into and Rapoport, 1995). It remains to be determined
whether the first and second (and later) topogenic se-the bilayer shows that components of the translocon,
or the ribosome, or both, are preventing the lateral diffu- quences interact at the same sites in the translocon.
The early insertion of the 765p TM sequence into thesion of short nascent chains, even though they are oper-
ationally integrated into the bilayer (Figure 1C). Thus, bilayer was detected here by carbonate extraction (Fig-
ure 1C, lanes 7 and 8). The early movement of the TMwe conclude that one function of the translocon is to
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sequence into a hydrophobic milieu has also been laterallyaway from the translocon (Figure 6E). Cotransla-
tional integration is, therefore, an ordered and regulatedshown by preliminary experiments using an independent
technique. A polarity-sensitive fluorescent probe was multistep process in which the TM sequence of the na-
scent chain passes through a minimum of three separateincorporated into the TM sequence, using a modified
Lys-tRNA (Crowley et al., 1993, 1994), and the probe structural states at the multilayered translocon before
integration is complete.was found to be in a nonpolar environment in integration
intermediates whose nascent chain was just long
Experimental Proceduresenough to position the TM sequence within the translo-
con (S. Liao, J. L., W. Zhu, G. D. Reinhart, D. W. A., and
Preparation of mRNAA. E. J., unpublished data). However, it has not yet been
Construction of the plasmid encoding 765p (pMAC765) has been
established whether the fluorescent probe is sur- detailed elsewhere (Johnson et al., 1996). pMAC765 was linearized
rounded by nonpolar protein or phospholipid moieties, in the coding region by digestion with BglI, PvuII, BstXI, HincII, or
or both. Photoprobes positioned in the hydrophobic PacI restriction endonucleases (New England Biolabs). In vitro RNA
transcription of these linearized plasmids, using SP6 RNA polymer-core region of the first nascent-chain topogenic (signal±
ase as before (Krieg et al., 1989), yielded truncated mRNAs thatanchor or signal) sequences react covalently with phos-
coded for nascent 765p polypeptides containing 185, 204, 220, 248,pholipids (Martoglio et al., 1995), and some of the 765p
and 304 amino acids, respectively. PstI-linearized pMAC765 pro-
polypeptides may also have been photocross-linked to duced mRNA coding for full-length (304 residues) 765p that is termi-
phospholipid in our experiments. However, we did not nated normally.
detect such photoadducts because they could not be To create a TM fusion protein that contains only two lysines,
located just beyond the C-terminal end of the TM sequence, theresolved in gels from the large unreacted 765p polypep-
plasmid encoding 101p (pJL101), whose construction was de-tides used in this study.
scribed previously (Johnson et al., 1996), was modified as follows.The role of TRAM in the cotranslational translocation
The lysine-substituted TM sequence of pJL101 was excised by di-
and integrationprocesses hasso far eluded understand- gestion with HindIII and EcoRI, and two complementary oligonucle-
ing. However, the present study indicates that TRAM is tides coding for the corresponding part of the wild-type TM se-
intimately associated with the TM sequence during the quence (containing Gly instead of Lys) were then inserted to
generate a plasmid designated pJL100. An EcoRI±SalI fragment ofentire integration process (Figure 2B). Although the pho-
pJL100 was then replaced by two complementary oligonucleotidestocross-linking between TRAM and the TM sequence
that replaced the codons at 137 (Arg) and 140 (Thr) in pJL100 withdoes not prove that the two directly interact, their close
lysine codons, thereby yielding a plasmid designated pJL112. Since
proximity throughout integration suggests that TRAM 112p and 101p were each inserted into the membrane in both orien-
plays an active role in the proper processing of nascent tations (J. L. and A. E. J., unpublished data), the charge distribution
membrane proteins at the ER membrane. If TRAM func- of the sequences flanking the TM sequence in 101p was altered by
deleting residues 63±112. This was done by digesting pJL101 withtions primarily in the second layer of the translocon as a
XhoI and BamHI and then blunting the noncomplementary endsreceptor for hydrophobic peptide sequences after their
with Klenow and mung bean nuclease, respectively, before ligatinginitial recognition and insertion into the translocon, then
the ends together to form pJL111. A HindIII±XbaI fragment of pJL111
this might explain the variable requirement for TRAM was replaced by a HindIII±XbaI fragment from pJL112, and the resul-
observed in reconstitution studies (GoÈ rlich and Rapo- tant plasmid was designated pJL121. The DNA sequence of each
port, 1993; Oliver et al., 1995). But whatever its function, plasmid was determined using standard dideoxy procedures. In
vitro RNA transcription of XbaI-linearized pJL121 using T7 RNAour data indicate that TRAM is an integral component
polymerase yielded a truncated mRNA that coded for a nascentof an intact translocon.
121p polypeptide containing 129 amino acids.A model for cotranslational membrane protein integra-
tion that incorporates all of these data is depicted in
Characterization of Integrated 765p
Figure 6. The TM sequence moves through an aqueous Translations to determine the TM orientation of 765p (Figures 1B
nascent chain tunnel in the ribosome (Crowley et al., and 1C) were carried out as before (Andrews, 1989; Janiak et al.,
1994b), using wheat germ extract and column-washed canine rough1993) and then into the aqueous pore in the translocon
microsomes (Walter and Blobel, 1983). The sensitivity of integrated(Crowley et al., 1994), where it is in close proximity to
765p to proteolysis was evaluated by incubation with proteinase KSec61a (Figure 6A). Very soon after emerging from the
(100 mg/ml final for 1 hr at 248C), precipitation of the remainingmembrane-bound ribosome, the TM sequence leaves
polypeptides in trichloroacetic acid, resuspension and immunopre-
the aqueous pore and moves to a site that is immediately cipitation using an antiserum directed against either polyoma mid-
adjacent to both Sec61a and TRAM (Figure 6B). After dle-T antigen or Bcl-2, and analysis by SDS±polyacrylamide gel
the nascent chain has been extended by fewer than 16 electrophoresis (SDS±PAGE). In some cases, microsomes were sol-
ubilized in 1% (v/v) Triton prior to proteolysis. To assess the resis-amino acids, the TM sequence then moves away from
tance of full-length and truncated 765p molecules to extraction withSec61a to a site next to TRAM that actively restrains
carbonate, translation incubations (10 ml) were layered on 20 mlthe lateral movement of the TM sequence (Figure 6C).
sucrose (0.5M) cushions, and microsomes were isolated by centrifu-
When the length of the nascent chain on the cytoplasmic gation in a Beckman airfuge (10 psi, 5 min). Each microsome pellet
side of the membrane reaches somewhere between was resuspended in 750 ml of 0.2 M sodium carbonate (pH 11.5)/
66±93 amino acids, theTM sequence moves to a second 2% (v/v) glycerol/10 mM dithiothreitol, layered onto a 250 ml sucrose
(0.5 M) cushion, pelleted (Beckman TL100.2 rotor, for 30 min at 48C,location adjacent to TRAM, a site from which the TM
80,000 3 g), and resuspended in translation buffer. The proteins insequence is released into the bilayer if the nascent chain
both the supernatant fractions and the resuspended pellets wereis detached from the tRNA (Figure 6D). However, under
precipitated with trichloroacetic acid prior to SDS±PAGE analysis.
normal circumstances (i.e., no puromycin), the TM se-
quence remains at this site (Figure6D), in closeproximity Translations and Photolysis
to TRAM, until translation terminates. After translation Yeast tRNALys was purified and aminoacylated as described else-
where (Crowley et al., 1993) and then modified as before (Kriegis complete, the TM sequence is then free to diffuse
Membrane Protein Integration: A Multistep Process
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et al., 1986) to yield photoreactive Ne-(5-azido-2-nitrobenzoyl)- proteoliposomes reconstituted from purified components of the en-
doplasmic reticulum membrane. Cell 75, 615±630.[14C]Lys-tRNA (eANB-Lys-tRNA; 340±600 pmol Lys/A260 unit of tRNA;
79%±83% e-labeled). Translation components were prepared as GoÈ rlich, D., Hartmann, E., Prehn, S., and Rapoport, T.A. (1992a). A
before (Thrift et al., 1991), except that column-washed rough micro- protein of the endoplasmic reticulum involved early in polypeptide
somes were used here (Walter and Blobel, 1983). Translations (75 translocation. Nature 357, 47±52.
ml for 50 min at 268C) contained 150 mCi [35S]methionine, 18 pmol
GoÈ rlich, D., Prehn, S., Hartmann, E., Kalies, K.-U., and Rapoport, T.A.of eANB-Lys-tRNA, 12 equivalents of microsomes, and other com-
(1992b). A mammalian homolog of SEC61p and SECYp is associatedponents as detailed previously (Crowley et al., 1993), except that
with ribosomes and nascent polypeptides during translocation. Cellthe KOAc concentration was 90 mM, and no 7-methylguanosine-
71, 489±503.59-monophosphate was added. In some experiments, puromycin
High, S. (1995). Protein translocation at the membrane of the endo-was added to a final concentration of 2 mM and incubated for 30
plasmic reticulum. Prog. Biophys. Mol. Biol. 63, 233±250.min at 268C either prior to or immediately following photolysis.
After photolysis (15 min at 08C) using a 500 W mercury arc lamp High, S., GoÈ rlich, D., Wiedmann, M., Rapoport, T.A., and Dob-
(Oriel) at a distance of 12 cm through a filter combination (Oriel berstein, B. (1991). The identification of proteins in the proximity of
59855 and 66236) that provides a 300±400 nm bandpass, samples signal±anchor sequences during their targeting to and insertion into
were incubated (30 min at 08C) in 0.5 M KOAc (pH 7.5)/25 mM EDTA, the membrane of the ER. J. Cell Biol. 113, 35±44.
and the microsomes were then pelleted through a 0.25 M sucrose/ High, S., Andersen, S.S.L., GoÈ rlich, D., Hartmann, E., Prehn, S.,
0.5 M KOAc (pH 7.5) cushion in a Beckman airfuge. The microsomal Rapoport, T.A., and Dobberstein, B. (1993a). Sec61p is adjacent
pellets were then processed further, either by alkaline extraction, to nascent type I and type II signal±anchor proteins during their
by lectin binding (Thrift et al., 1991), or by immunoprecipitation. membrane insertion. J. Cell Biol. 121, 743±750.
High, S., Martoglio, B., GoÈ rlich, D., Andersen, S.S.L., Ashford, A.J.,Immunoprecipitations
Giner, A., Hartmann, E., Prehn, S., Rapoport, T.A., Dobberstein, B.,Sec61a was immunoprecipitated as described elsewhere (High et
and Brunner, J. (1993b). Site-specific photocross-linking revealsal., 1993b), using rabbit antiserum raised against the 12±residue
that Sec61p and TRAM contact different regions of a membrane-peptide corresponding to the C-terminus of Sec61a (a gift from
inserted signal sequence. J. Biol. Chem. 268, 26745±26751.Dr. S. High). Immunoprecipitations with antisera specific for Bcl-2
Janiak, F., Leber, B. and Andrews, D.W. (1994a). Assembly of Bcl-2(Janiak et al., 1994a) or middle-T antigen (Andrews et al., 1993) were
into microsomal and outer mitochondrial membranes. J. Biol. Chem.carried out as before. For immunoprecipitations of TRAM using
269, 9842±9849.affinity-purified rabbit antibodies raised against its 12±residue
C-terminal peptide (aTRAM; a gift of Drs. K. Matlack and P. Walter), Janiak, F., Glover, J.R., Leber, B., Rachubinski, R.A., and Andrews,
microsomes were solubilized with 40 ml of 1% (w/v) SDS, 100 mM D.W. (1994b). Targeting of passenger protein domains to multiple
Tris±HCl (pH 7.5), heated for 30 min at 508C, diluted to 400 ml with intracellular membranes. Biochem. J. 300, 191±199.
buffer A (150 mM NaCl, 50 mM Tris±HCl [pH 7.5], 0.2% (w/v) SDS, Johnson, A.E., Liao, S., Lin, J., Hamman, B.D., Do, H., Cowie, A.,
1% (v/v) Triton X-100) and gently rocked overnight at 48C after the and Andrews, D.W. (1996). The environment of nascent secretory
addition of 3 ml of aTRAM and 30 ml of 23-diluted protein and membrane proteins at the ER membrane during translocation
A±Sepharose in buffer A and 15% (w/v) BSA. Immunoprecipitated and integration. Cold Spring Harbor Symp. Quant. Biol. 60, in press.
material was separated by SDS±PAGE, and radioactivity in dried
Jungnickel, B., and Rapoport, T.A. (1995). A posttargeting signalgels was detected using a Bio-Rad GS-250 phosphorimager.
sequence recognition event in the endoplasmic reticulum mem-
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